High-field magic angle spinning dynamic nuclear polarization (MAS DNP) is often used to enhance the sensitivity of solid-state nuclear magnetic resonance (ssNMR) experiments by transferring spin polarization from electron spins to nuclear spins. Here, we demonstrate that γ-irradiation induces the formation of stable radicals in inorganic solids, such as fused quartz and borosilicate glasses as well as organic solids such as glucose, cellulose, and a urea/polyethylene polymer. The radicals were then used to polarize 29Si or 1H spins in the core of some of these materials. Significant MAS DNP enhancements (ε) greater than 400 and 30 were obtained for fused quartz and glucose, respectively. For other samples negligible ε were obtained likely due to low concentrations of radicals or the presence of abundant quadrupolar spins. These results demonstrate that ionizing radiation is a promising alternative method for generating stable radicals suitable for high-field MAS DNP experiments.
The recent emergence of high-field (>5 T) dynamic nuclear polarization (DNP) has had a momentous impact on solid-state nuclear magnetic resonance (ssNMR) of biomolecules, inorganic materials, and organic solids. [1] [2] [3] [4] [5] [6] [7] [8] In a DNP experiment the far higher spin polarization of electrons is transferred to the NMR-active nuclei, which can then be detected with orders of magnitudes higher sensitivity. The maximum achievable DNP enhancement (e) corresponds to the ratio of the Larmor frequencies between the electron and the polarized nucleus (γe/γN). For instance, the maximum ε are ca. 660 and 3300 for 1 H and 29 Si, respectively. DNP is driven by microwave irradiation at a specific frequency, which is a combination of the electron paramagnetic resonance (EPR) and NMR frequencies. This frequency depends on the radical used for transfer as well as the mechanism used for DNP. Magic angle spinning (MAS) DNP experiments are usually performed at cryogenic sample temperatures (< 150 K) with unpaired electron spins provided by exogenous organic radicals (e.g., TEMPO, trityl, etc.). The radicals are typically dissolved in a glass-forming solvent (water/glycerol, tetrachloroethane, etc.). The sample is then dissolved/suspended in the radical solution or the radical solution can be added to insoluble samples by incipient wetness impregnation (IWI). 2 With current state-of-the-art radical polarizing agents large 1 H DNP enhancements above 100 are realized for a range of systems.
DNP is well-suited for probing the surface of materials due to the fact that the IWI method coats the surface of the particles with the radical polarization source (Scheme 1A). 2 After the polarization transfer from electrons to the protons in the solvent or on the surface of the material, 1 H-1 H spin diffusion carries the magnetization to the remainder of 1 H spins on the surface. Note that for inorganic materials, protons are typically only found on the surface and as such DNPenhanced 1 H polarization can be selectively transferred to other surface spins (e.g., 17 O, 27 Al, 29 Si, moniker DNP surface enhanced spectroscopy (DNP SENS). Nuclei in the bulk of many solids can be polarized by using nuclear spin diffusion to relay hyperpolarization into the interior of the material. In microcrystalline organic solids 1 H spin diffusion is rapid and allows high 1 H polarization to build up throughout the sample. [8] [9] [10] [11] [12] Recently, it was demonstrated that spin-1/2 nuclei with moderate natural isotopic abundances and gyromagnetic ratios ( 29 Si, 113 Cd, 119 Sn) can also relay the hyperpolarization into the bulk of inorganic solids. [13] [14] In these cases, however, the spin diffusion rate is greatly reduced compared to 1 H and, as a consequence, these experiments typically require very long polarization delays/spin diffusion periods and provide reduced DNP enhancements (εH ≈ 10-85, Scheme 1B).
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Radicals may also be introduced during synthesis/precipitation of solid materials. For example, biradical polarizing agents have been added during precipitation/crystallization of organic solids from solution or been directly incorporated into polymers by swelling them with radical solution or precipitating them from radical solution. [15] [16] [17] [18] Metal centers added as dopants to organic solids [19] [20] or that are intrinsic to inorganic materials [21] [22] have also been used to hyperpolarize nuclei in the bulk. Alternatively, several early DNP studies used neutron beam irradiation to induce formation of radicals suitable for DNP. [23] [24] [25] [26] Ionizing radiation, including grays, is known to create stable radicals in a variety of chemical systems. [27] [28] [29] [30] [31] [32] More recently, Blank and coworkers demonstrated that radicals are created in glucose by exposure to ionizing plasma, 33 and were able to obtain εH ≈ 150 at 3.3 T and 50 K for stationary powders. 29 Si spins. B) Relayed DNP using homonuclear 29 Si spin diffusion to polarize core 29 Si. C) DNP on γ-irradiated SiO2 to polarize core 29 Si.
The first material investigated was fused quartz (amorphous SiO2). Gamma-irradiation of quartz creates radicals that are extremely stable can easily be probed by EPR spectroscopy. [35] [36] [37] [38] [39] Indeed, γ-irradiated quartz has been used as a standard for EPR. 33, 40 Here, a 60 Co source was used to γ-irradiate fused quartz with total doses of 100-400 kGy. The X-band EPR spectrum of the γ-irradiated quartz ( Figure 1A ) matches that reported in literature of the oxygen vacancy denoted E1'. 35, [41] [42] The radicals in fused quartz were estimated to have a concentration of ca. 0.3 mM in the most highly-irradiated sample ( Figure S1 ). The EPR spectrum and the established g-tensor parameters 35 suggest the line-width of the EPR spectrum should be less than the 29 Si Larmor frequency ( Figure 1A) ; therefore, this radical should allow 29 Si solid effect (SE) DNP. 1 DNP field sweep profiles were recorded by measuring the MAS 29 Si Carr-Purcell-Meiboom-Gill (CPMG) 43 NMR signal of the fused quartz as a function of the main magnetic field. The experimental field sweep profile (green points) is entirely consistent with a SE profile (red curve) predicted by scaling and offsetting the X-band EPR spectrum ( Figure 1B , see SI for details). 1, 3 The significant increase of εSi with increasing microwave power is also consistent with SE DNP ( Figure S2 ). With a recycle delay of 4000 s and CPMG signal detection we were able to obtain a high quality 29 Si solid-state NMR spectrum in one scan ( Figure 1C ). Both ε and the 29 Si magnetization increase with longer microwave irradiation time between scans, even out to times of 10000 s ( Figure 1D ). The 29 Si DNP build-up time constant (TDNP) is extremely long (estimated to be greater than 19 h, Figure S4 ), which allows for these long polarization transfer times. The long TDNP is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 consistent with the 29 Si longitudinal relaxation time (T1) of 4-10 hours reported for fused quartz at room temperature. 45 The observed increase in enhancement over polarization time is in contrast to that observed in impregnated microcrystalline solids for which DNP enhancements typically decrease with polarization time. 10 This observation suggests that the polarization transfer in γ-irradiated quartz is also spin diffusion driven, albeit from a point source outwards, rather than a surface inwards. Indeed, 29 Si hole-burning experiments demonstrate that 29 Si spin diffusion likely plays an important role in dispersing magnetization from the 29 Si spins near to the radicals to distant ones ( Figure S5 ). With a build-up time of 10000 s, the longest tested, εSi = 410 was measured. In comparison, Emsley and coworkers achieved εSi CP ≈ 16 on crystalline quartz using pulsed cooling and 29 Si spin diffusion to relay DNP-enhanced magnetization into the bulk. 13 Despite the fact that there are now radicals incorporated into the silica, the 29 Si refocused transverse relaxation time (T2') is extremely long, permitting acquisition of CPMG spin echoes out to 5 s ( Figure 1E ). Comparing the signal-to-noise-ratio of a conventional 298 K 29 Si CPMG SSNMR spectrum of non-irradiated quartz to the 110 K DNP-enhanced 29 Si CPMG SSNMR spectrum
shows that there is a ca. 250-fold improvement in absolute sensitivity ( Figure S6 ).
The large ε and high sensitivity provided by CPMG allowed the acquisition of a 29 Si- 29 Si refocused Incredible Natural Abundance DoublE QUAntum Transfer Experiment (INADEQUATE, Figure 2A ). 46 It is typically not possible to obtain an INADEQUATE spectrum of quartz without DNP because of the extremely long 29 Si T1 and because the double quantum filtered INADEQUATE NMR signal will be at most 17.5% of the intensity of the single quantum NMR signal. The INADEQUATE spectrum shows correlations exist between 29 Si spins at all chemical shifts, reflecting the disordered structure of the fused quartz. In addition, the isolated radicals within quartz have relatively long T1e of 200 µs at room temperature 39 and 1.6 s at 18 K. 47 Therefore, DNP should be feasible at temperatures >100 K ( Figure 2B ). While a substantial decrease in ε was observed with increasing temperature, at 170 K an ε of 100 was obtained when a 500 s polarization time was used. These positive results spurred us to perform DNP at room temperature (298 K), where an enhancement of 150 was measured for a polarization time of 10,000 s ( Figure S7A ). For shorter delays at 298 K the 29 Si NMR signal was clearly enhanced but enhancements could not be quantified due to difficulty in obtaining spectra without microwaves ( Figure S7 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Glucose was also γ-irradiated and studied by EPR and DNP NMR. Irradiated sugars have been previously characterized by EPR spectroscopy and are known to have very stable radicals. 30, [48] [49] [50] These previous studies hypothesized that carbon-centered radicals are created by irradiation. 30, [48] [49] [50] Our EPR experiments suggest that the radicals created by γ-irradiation are stable at room temperature for at least 1 year. Samples of glucose were γ-irradiated for between 1 to 12 hours, corresponding to g-radiation doses between 8 and 91 kGy. The approximate radical concentrations were 1 to 4 mM (Table S1 ), although there are substantial uncertainties in the radical concentrations measured by EPR. The X-band EPR spectrum of g-irradiated glucose is considerably broader than that of g-irradiated fused quartz, likely because of broadening by both hyperfine couplings to 1 H and g-tensor anisotropy ( Figure 3A) . [48] [49] [50] Therefore, it is not possible to predict the DNP field-sweep profile from the X-band EPR spectrum.
The DNP field-sweep profile of 91 kGy glucose is broader than the 1 H Larmor frequency ( Figure 3B ). Considering the relatively high concentration of electron spins and the breadth of the field-sweep profile, the cross effect (CE) may be a viable DNP mechanism. 1 With a sub-optimal magnetic field offset of 0 ppm, εC CP of 13 and 16 were measured for glucose dosed with 30 kGy and 91 kGy, respectively ( Figure 3C ). With an optimal magnetic field offset, εC CP increases to 35 for 91 kGy glucose. A similar increase in εC CP is expected for the other glucose samples. Increased dose gave higher eC CP and reduced TDNP, likely because of increased radical concentration (Table   S1 ). However, the resolution of the 13 C CPMAS spectra also degrades with increased dose. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 non-irradiated glucose ( Figures S8 and S9 ). Quantitative 13 C CPMAS experiments show that 30 kGy glucose has 81% of the signal intensity of non-irradiated glucose, confirming that the effects of paramagnetic broadening/depolarization are minimal ( Figure S9 ). Since glucose is a microcrystalline organic solid, the traditional IWI method was also used to obtain a DNP-enhanced 13 C CPMAS spectrum. 10 Ground glucose impregnated with a 16 mM TEKPol tetrachloroethane gave eC CP of 30 (with a 455 s recycle delay), comparable to eC CP measured for the γ-irradiated glucose at optimal field position ( Figure S8 ). 30 kGy glucose provided approximately two times better absolute NMR sensitivity than the IWI glucose, despite the fact that spectra were obtained with non-optimal magnetic field offset for the γ -irradiated glucose (Table S1 ). The irradiated sample likely has better sensitivity than the IWI sample because of a shorter TDNP. The reduction in TDNP occurs because the radicals should be distributed evenly throughout the γ-irradiated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 In addition to fused quartz and glucose, DNP experiments were also performed on γ-irradiated cellulose and a γ-irradiated urea/polyethylene polymer that makes up the caps of the scintillation vials ( Figure S10 ). In these cases, eC CP was 2 and 1.5, respectively. The most likely reason for the modest ε is that both γ-irradiated cellulose and the polymer samples have radical concentrations of 0.002 mM and 0.2 mM, respectively, far below that observed in glucose. We note, however, that the irradiation times were only 4 hours. Also, due to constraints on instrument 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 time, we were unable to record full field sweep profiles on these materials, so there may be a more optimal field position with improved ε.
Several other materials were γ-irradiated; however, they did not give rise to any observable DNP enhancement. These materials fit into two groups: materials where few stable radicals were created with γ-irradiation and materials where a significant concentration of radicals formed but no DNP enhancement was observed. The former group includes silica gel and the mineral andesine. Changing the ionizing radiation (X-ray, electron beam, neutron, etc.) may allow formation of radicals in these samples. Another issue with these samples could be that gaseous O2 may have destroyed the radicals. 33 The latter group of troublesome samples includes borosilicate glasses, halloysite nanoclay, and calcium silicate (Figure S11 B,C,D). There are likely two issues preventing DNP. First, EPR was performed at X-band and hyperfine interactions do not scale with field, making it difficult to predict the field sweep profile. In the future, we plan to use high field EPR to more accurately predict the DNP field sweep profiles. Second, some of these materials contain abundant quadrupolar spins such as 11 B and 27 Al that can likely act as polarization sinks because they have short nuclear T1.
In summary, γ-irradiation of materials created stable radicals that enabled large MAS DNP enhancements to be obtained in fused quartz and glucose. Notably, high DNP enhancements could be obtained for irradiated quartz even at room temperature. Modest DNP enhancements were obtained for irradiated cellulose and an organic polymer. No enhancements were observable in other materials due to an insufficient radical concentration or because the radicals had EPR spectra that are incompatible with continuous wave DNP mechanisms. We hope that this work stimulates a renewed interest in the use of ionizing radiation to prepare samples for DNP NMR experiments.
A clear advantage of ionizing radiation is that it can enable nuclei residing in the core of materials 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to be polarized which provides an attractive means at enhancing SSNMR in inorganic materials.
Also, since there is no need to add solvent or exogenous radicals, the method may be useful for examining reactive materials or materials where solvent can induce phase transitions. [51] [52] [53] However, there are a few clear limitations of g-irradiation. First, it should be kept in mind that γ-irradiation is invasive and may cause structural changes. In addition, the radical concentration and EPR properties are strongly sample dependent. As was observed for borosilicate glasses, high concentrations of radicals were obtained but did not appear to be compatible with current CW DNP mechanisms. We are optimistic that samples with high radical concentrations may be amenable to future frequency swept microwave or time-domain DNP schemes currently under development.
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EXPERIMENTAL SECTION
A detailed experimental section is provided in the Supporting Information. DNP experiments were performed on a commercial Bruker 9.4 T DNP system at ≈ 110 K. 59 γ-irradiations were performed using the newer 60 Co source of the BNL Accelerator Center for Energy Research (ACER). X-band EPR was performed on a Bruker ELEXSYS E380 CW EPR system.
SUPPORTING INFORMATION
The Supporting Information contains the extended experimental section, additional solid-state NMR, EPR, and DNP spectra, and pulse sequences.
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